MicroRNAs (miRNAs) have been reported to be involved in many neurodegenerative diseases. The present study focused on the role of hsa-miR-144-3p in one of the neurodegenerative diseases, Parkinson's disease (PD). Our study showed a remarkable down-regulation of miR-144-3p expression in 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-treated SH-SY5Y cells. MiR-144-3p was then overexpressed and silenced in human SH-SY5Y cells by miR-NA-mimics and miRNA-inhibitor transfections, respectively. Furthermore, β-amyloid precursor protein (APP) was identified as a target gene of miR-144-3p via a luciferase reporter assay. We found that miR-144-3p overexpression significantly inhibited the protein expression of APP. Since mitochondrial dysfunction has been shown to be one of the major pathological events in PD, we also focused on the role of miR-144-3p and APP in regulating mitochondrial functions. Our study demonstrated that up-regulation of miR-144-3p increased expression of the key genes involved in maintaining mitochondrial function, including peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM). Moreover, there was also a significant increase in cellular ATP, cell viability and the relative copy number of mtDNA in the presence of miR-144-3p overexpression. In contrast, miR-144-3p silencing showed opposite effects. We also found that APP overexpression significantly decreased ATP level, cell viability, the relative copy number of mtDNA and the expression of these three genes, which reversed the effects of miR-144-3p overexpression. Taken together, these re- No.
INTRODUCTION
Parkinson's disease (PD) affects 1-2% of the world's population and has been regarded as the second most common neurodegenerative disease (de Rijk et al., 1995) , first reported by James Parkinson in 1817 (Lees, 2007) . Morbidity is reported to be about 1% in people over 65 years old, and significantly increases to 4% for those over 80 years old (de Rijk et al., 1995) . The main symptoms of PD are usually characterized by the presence of resting tremor, bradykinesia and rigidity, pathologically mainly due to the progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SN) (Christopher et al., 2015) and the presence of Lewy bodies and neurites (Nussbaum and Ellis, 2003) , causing a remarkable reduction of dopamine (DA), which leads to an imbalance between DA and acetyl choline (ACH) in the SN. This imbalance may lead to cell dysfunction and neuron death. The pathogenesis of PD is still not fully clear and there is no cure.
Neurons are energy-consumptive due to their quick response to surroundings and stimuli, and require a mass of mitochondria to produce plenty of adenosine triphosphate (ATP). Hence, mitochondrial homeostasis is extremely important for neurons, and mitochondrial dysfunction could promote neuronal dysfunction and degeneration (Exner et al., 2012) . As a result, mitochondrial dysfunction is a main pathological event and manifestation of PD. In particular, there is clear anatomical evidence that PD brains, particularly in the SN, have consistently showed mitochondrial dysfunction (Owen et al., 1996; Schapira, 1995; 2009) . MPTP is a kind of positively charged compound that may affect the process of oxidative phosphorylation in mitochondria (Tsou et al., 2015) , and ultimately lead to the overconsumption of ATP and cell death (Radad et al., 2015) . Hence, MPTP is a contaminator of mitochondrial functions. It is feasible to mimic PD with the treatment of MPTP because the main symptoms of PD are similar to the effects of MPTP (Liu et al., 2015) .
MicroRNAs (miRNAs) are a group of small, single-stranded and non-coding RNAs which have been identified as post-transcriptional regulators of gene expression (Graves and Zeng, 2012) . Previous studies have demonstrated that miRNAs are pathologically altered in the progress of neurodegenerative diseases (Tan and Yu, 2014) . For example, Vallelunga et al. (2014) observed that miR-339-5p was down-regulated, but miR-223, miR-324-3p and miR-24 were up-regulated in PD tissues, which may be regarded as specific diagnosis biomarkers of PD. Burgos et al. (2014) investigated the miRNAs in the cerebrospinal fluid and serum, and found that 13 novel miRNAs could be used to assess disease progression and therapeutic efficacy. In addition, miR-34b/c expression was identified to be decreased in brain samples from PD patients compared with healthy samples (Minones-Moyano et al., 2011) . However, to our knowledge the role of miR-144-3p in PD has not been elucidated. In addition, the bioinformatic analysis in our study showed that APP was a target gene of hsa-miR-144-3p, which needs further verification in the present study.
The β-Amyloid precursor protein (APP) is a kind of transmembrane protein, which is widely expressed in various tissues (Westmark, 2013) . In particular, APP can be cleaved by membrane-associated proteases into two segments: sAPPα and sAPPβ. sAPPβ can be further cleaved by γ-secretase into amyloid-β (Aβ) peptides. Aβ was shown to induce oxidative stress and mitochondrial dysfunction in MC-65 and SH-SY5Y cells (Gray et al., 2015) . Aggregation of Aβ peptides forms extracellular amyloid plaques, which is a major histopathological hallmark of Alzheimer's disease (AD); in other words, Alzheimer'sassociated APP facilitates neurodegeneration (Duce et al., 2010; McCarthy et al., 2014) . It is worth noting that AD pathology is found in a significant percentage of patients with PD (Alves et al., 2010) . Thus, APP is supposed to play a role in the pathogenesis of PD contributing to the death of DA neurons. We indeed learned from some papers on the role of APP in PD (another kind of neurodegenerative disease). Ayton et al. (2015) reported markedly decreased APP expression in dopaminergic neurons of human PD nigra, and that loss of APP promoted neurodegeneration in PD; conversely, APP-overexpressing mice are protected in the PD model. Schulte et al. (2015) also focused on the role of APP in modifying the PD phenotype that contributed to the development of dementia in individuals with PD. In addition, Aβ was also reported to be involved in PD dementia due to its plaques in brain tissues (Irwin et al., 2013) . However, the potential role of APP in PD remains poorly elucidated and needs further investigation.
In the present study, we have further confirmed the role of miR-144-3p in the PD model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated SH-SY5Y cells. The results showed that miR-144-3p was also significantly down-regulated in MPTP-treated SH-SY5Y cells. Moreover, miR-144-3p was confirmed to be involved in regulating mitochondrial functions, along with its target gene APP. To be specific, miR-144-3p overexpression could inhibit mitochondrial dysfunction induced by MPTP treatment in SH-SY5Y cells; on the contrary, APP overexpression counteracted the effects of miR-144-3p, both of which may be promising therapeutic targets for PD.
MATERIALS AND METHODS

Cell culture
Human SH-SY5Y cells purchased from the American Type Culture Collection (ATCC, USA) were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Hyclone, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone) in an atmosphere of 37°C with 5% CO 2 . The cell cultures were rinsed with pre-warmed phosphate-buffered saline (PBS) before they were dissociated using Trypsin-EDTA Solution (Hyclone).
Cell treatment protocol SH-SY5Y cells were treated with 300 μM of MPTP (SigmaAldrich, USA) for 12 h to mimic PD. The transfection was performed prior to the treatment with MPTP.
MiR-144-3p target prediction
The putative target gene of miR-144-3p was predicted using TargetScan (http://www.targetscan.org/) and microRNA.org (http://www.microrna.org/microrna/home.do/). The interaction between the mRNA 3′-untranslated region (UTR) of the predicted gene and miR-144-3p was analyzed by RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/).
MiR-144-3p mimics and inhibitor
For the manual alteration of miR-144-3p expression, negative control miRNA (NC miRNA), miRNA-mimics and miRNAinhibitor (GenePharma, China) were transfected into SH-SY5Y cells using Lipofectamine 2000 Reagent (Invitrogen, USA) according to the manufacturer's instructions.
Dual-luciferase reporter assay
The possible binding sites of miR-144-3p in the 3'-UTR of APP mRNA were predicted by RNAhybrid. Firstly, complementary DNA (cDNA) fragments containing the predicted miR-144-3p binding sites were amplified and subcloned into pmirGLO DualLuciferase miRNA Target Expression Vector (Promega, USA; named pmirGLO-APP). The control plasmids were also constructed using cDNA fragments containing mutated nucleotides instead of some miR-144-3p binding sites (named pmirGLOmutAPP). The pre-miR-144-3p and pre-miR-scramble plasmids were constructed and amplified in preparation for use. Subsequently, HEK-293T cells were co-transfected with 100 ng of pmirGLO-APP or pmirGLO-mutAPP vector in the presence of pre-miR-144-3p and pre-miR-scramble using Lipofectamine 2000 Reagent (Invitrogen) and incubated for 48 h. The cells were harvested and the luciferase activities were measured using a Dual-Luciferase Reporter Assay Kit (Promega) according to the manufacturer's instructions.
APP plasmid construction and transfection
For the overexpression of APP, the sequences encoding APP were amplified through reverse-transcription PCR using a PCR Amplification Kit (TaKaRa Biotechnology, China) and subcloned into pCMV vectors (named pCMV-APP; Beyotime, China). The empty vector served as negative control (NC). Subsequently, SH-SY5Y cells were transfected with pCMV-APP and empty vector using Lipofectamine 2000 Reagent (Invitrogen), whose effects were determined 48 h later using quantitative PCR and Western blot.
RNA extraction and real-time quantitative PCR
Total RNA was collected using the TRIzol ® Plus RNA Purification Kit (Ambion, USA) following the manufacturer's instructions, and quantified using a spectrophotometer at 260 nm. cDNA was synthesized using a RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific, USA). Real-time quantitative PCR was performed using SYBR ® Premix Ex Taq TM (TaKaRa Biotechnology) and the Bio-Rad CFX96 touch q-PCR system (Bio-Rad, USA) with the following components: 1 μl of cDNA, 5 μl of SYBR ® Premix Ex Taq™, 1 μl of forward primer, 1 μl of reverse primer and 2 μl of sterile water. β-actin served as an internal reference gene for non-microRNA molecules, and U6 small nuclear RNA (snRNA) for miR-144-3p. Fold induction was calculated using the 2 -ΔΔCt method.
Western blot
RIPA buffer (Sigma-Aldrich) was used to collect the protein, and the concentration was measured using Bradford's method; it was then separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, protein bands were electro-blotted onto polyvinylidene difluoride (PVDF) membranes (Invitrogen) and blocked with 10% (w/v) bovine serum albumin (BSA) overnight at 4°C. The membranes were then incubated with primary antibodies for 2 h at room temperature, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies. Specific binding was revealed by a DAB Horseradish Peroxidase Color Development Kit (Beyotime). Densitometry analysis was performed using Image-Pro Plus 6.0 (Media Cybernetics Inc., USA).
Measurement of intracellular ATP
ATP levels were measured using an ATP Assay Kit (Beyotime) according to the manufacturer's instructions. Briefly, 200 μl of cell lysis solution was centrifuged (12,000 r/min at 4°C for 5 min), and the supernatants were collected as samples. Subsequently, 100 μl of detection reagent was added into a centrifuge tube and kept for 5 min at room temperature, and 10 μl of samples were then added and mixed immediately. The relative light units were measured using a GloMax™ 96 Microplate Luminometer (Promega, USA). The standard curve was used to calculate the ATP concentration.
MTT assay
Cells were seeded into 96-well dishes with a density of 2 × 10 4 cells per well, and were then subjected to MPTP treatment and indicated transfections as described above. Next, each well was incubated with 20 μl of MTT solution (5 mg/ml) for 4 h. 150 μl of dimethyl sulfoxide (DMSO; Sigma-Aldrich) was then added to dissolve the formed formazan. The optical density (OD) value of each well at 490 nm was recorded for cell viability.
Mitochondrial DNA (mtDNA) quantification
The relative mtDNA copy number was calculated as ratio of mtDNA/nuclear DNA (nDNA) according to previous studies (Guo et al., 2009; Zhang et al., 2014) . Briefly, cells were lysed in RIPA buffer (Sigma-Aldrich) and DNA was extracted with phenol/chloroform followed by ethanol precipitation. Concentrations of extracted DNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), and then diluted in nuclease-free water to a final concentration of 40 ng/ml. Quantitative PCR was performed as described above for the detection of mtDNA that targets cytochrome c oxidase subunit I (COX1) gene and nDNA that targets hemoglobin subunit beta (β-globin) gene. The primer sequences are as follows: COX1 forward 5′-GCCAACTTCACCATCCAG-3′ and reverse 5′-GCTATCACCTTCACCCTCA-3′; β-globin forward 5′-GCACGT-GGATCCTGAGAACT-3′ and reverse 5′-AGCAAGAAAGCGA-GCTTAGTG-3′. PCR sample was composed of 5 μl of DNA, 1 μl of forward primer, 1 μl of reverse primer, 3 μl of nuclease-free water and 10 μl of SYBR ® Premix Ex Taq™ (a total of 20 μl). PCR reaction was performed following the next procedures: 94°C for 5 min; 94°C for 30 s, 55°C for 30 s, 72°C for 1 min (40 cycles); 72°C for 10 min. Amplification curves and cycle threshold (Ct) were used to determine the relative mtDNA: nDNA ratio in each sample.
Statistical analysis
The data were represented as mean ± standard deviation (SD). One-way Analysis of Variance (ANOVA) or Student's t-test was used to calculate the statistical significance between groups; p < 0.05 and p < 0.01 represented the statistical significance level.
RESULTS
MiR-144-3p expression is down-regulated by MPTP
As shown in Fig. 1A , after treatment with MPTP in SH-SY5Y cells, the expression of miR-144-3p was significantly downregulated. To further identify the specific function of miR-144-3p in PD, we needed to uncover the target gene. As shown in Fig.  1B , miR-144-3p was overexpressed after miRNA-mimics treatment, but its expression was significantly inhibited by miR-NA-inhibitor (Fig. 1C) .
MiR-144-3p overexpression restores mitochondrial functions
The level of ATP is a reflection of mitochondrial function. As shown in Fig. 2A , there was a significant decrease in the level of ATP after MPTP and miRNA-inhibitor treatment. However, this inhibitory effect was reversed by miR-144-3p overexpression ( Fig. 2A) . Cell viability is an indirect index for mitochondrial function. As shown in Fig. 2B , cell viability was significantly inhibited by MPTP and the silencing of miR-144-3p. However, miR-144-3p overexpression notably increased cell viability. In addition, the relative copy number of mtDNA was significantly decreased by MPTP treatment; in contrast, miR-144-3p overexpression markedly recovered the copy number of mtDNA (Fig. 2C) . These results implied that miR-144-3p overexpression contributed to improving mitochondrial functions. Subsequently, mitochondrial function-related genes were also investigated. As shown in Figs. 2D, 2G and 2J, MPTP treatment markedly inhibited the mRNA expression of mitochondria-functional genes, including peroxisome proliferatoractivated receptor γ coactivator-1α (PGC-1α), nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM). On the contrary, miR-144-3p overexpression enhanced the mRNA expression of PGC-1α, NRF-1 and TFAM, whereas miRNA-inhibitor showed inhibitory effects. The protein expression of PGC-1α (Fig. 2E) , NRF-1 (Fig. 2H) and TFAM (Fig. 2K) was also promoted by miR-144-3p overexpression, which was almost invisible when MPTP and miRNA-inhibitor were present. The corresponding densitometry analysis of Western strips is shown in Figs. 2F, 2I and 2L. The above results showed that miR-144-3p overexpression contributed to the recovery of mitochondrial functions under MPTP conditions. The effects of miR-144-3p-mimics and inhibitor alone (without MPTP treatment) on mitochondrial functions were shown in Supplementary Fig. S1 .
APP is the target gene of hsa-miR-144-3p
The predicted binding sites of miR-144-3p in the 3′-UTR of APP are shown in Fig. 3A . Based on this, the relative luciferase activity of pmirGLO-APP in the presence of miR-144-3p overexpression was significantly inhibited, confirming that APP was the target gene of miR-144-3p (Fig. 3B) . Since APP was proved to be the target gene of miR-144-3p, we wanted to further investigate the variation of APP expression after treatment with MPTP, miRNA-mimics and miRNA-inhibitor. Interestingly, as shown in Fig. 3C , APP expression was not significantly altered by miR-144-3p via PCR analysis at the mRNA level. However, MPTP markedly promoted mRNA expression of APP. Western blot results showed that, at the protein level, MPTP treatment and miR-144-3p silencing markedly promoted APP expression, whereas miR-144-3p overexpression inhibited APP 
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expression (Fig. 3D) , indicating that miR-144-3p was a negative regulator of APP, and APP was one of the target genes of miR-144-3p. The corresponding densitometry analysis of Western strips is shown in Fig. 3E . The effects of miR-144-3p-mimics and inhibitor alone (without MPTP treatment) on mRNA and protein expression of APP were shown in Supplementary Fig. S2 .
APP plays a role in the regulation of mitochondrial function
In this experiment, we aimed to up-regulate the expression of APP. SH-SY5Y cells were co-transfected with miRNA-mimics and pCMV-APP harboring no specific binding sites of miR-144-3p. As shown in Fig. 4A , the expression of APP was similar in control and NC groups, but had a sharp increase in the pCMV-APP group at the mRNA level. Expression at the protein level after pCMV-APP transfection also had a remarkable increase (Figs. 4B and 4C), demonstrating that APP expression was factitiously improved. Moreover, pCMV-APP transfection restored the protein expression of APP in the presence of miR-144-3p overexpression (Fig. 4C) .
To further explore the role of APP in mitochondrial function, the effects of APP overexpression on cellular ATP level, cell viability, relative copy number of mtDNA and the expression of PGC-1α, NRF-1 and TFAM were evaluated. As expected, APP overexpression significantly reversed the effects of miR-144-3p overexpression on mitochondrial function. To be specific, APP overexpression remarkably decreased the ATP level (Fig. 4D ) and cell viability (Fig. 4E) . The relative copy number of mtDNA was also significantly decreased by APP overexpression (Fig.  4F) . Moreover, APP overexpression showed inhibitory effects on the expression of PGC-1α (Fig. 4G) , NRF-1 (Fig. 4H) and TFAM (Fig. 4I) . These results indicated that APP was a negative regulator of mitochondrial function.
DISCUSSION
In the present study, hsa-miR-144-3p was found to be downregulated in MPTP-treated SH-SY5Y cells. APP was identified as one of the target genes of miR-144-3p. Overexpression of miR-144-3p was accompanied by decreased expression of APP. In addition, miR-144-3p was found to play a role in relieving MPTP-induced mitochondrial dysfunction. We also proved that APP overexpression reversed the effects of miR-144-3p overexpression on mitochondrial function. Taken together, our results provided a promising therapeutic target for the treatment of PD, depending on miR-144-3p and its target gene APP.
MiRNAs play a role in regulating physiological processes by inhibiting the expression of their target genes in posttranscriptional-translation. To explore the underlying mechanisms, the target gene of miR-144-3p had to be discovered. With the help of bioinformatic analysis and dual-luciferase reporter assay, APP was found to have interactions with miR-144-3p; in other words, APP was the target gene of hsa-miR-144-3p. APP has previously been reported to be involved in AD. In fact, AD is usually characterized by Aβ plaques which were discovered by Alois Alzheimer in 1906 (Westmark, 2013) . More importantly, Aβ is formed from the cleavage of APP by secretases. Hence, APP production and cleavage determines the level of Aβ in the brain interstitial fluid. Due to the similarities between AD and PD and the fact that over 50% of AD patients showed the pathological features of PD patients, APP has also been reported to play a role in the development of PD (Ayton et al., 2015; Irwin et al., 2013; Schulte et al., 2015) . Thus, a clearer understanding of the regulation of APP will provide novel targets for therapeutic intervention of PD. Our results showed that APP was highly expressed in the mimicked PD cell model, and the overexpression of APP contributed greatly to mitochondrial dysfunction. These results were consistent with the results from Schulte et al. (2015) .
Pathogenic mtDNA mutations are also associated with PD (Pickrell and Youle, 2015) . Excessively accumulated mutations in mtDNA have an increased risk of developing PD (Luoma et al., 2004; Reeve et al., 2013) . As a result, mitochondrial dys- function is a main symptom of PD, indicated by the review article (Burte et al., 2015; Exner et al., 2012; Ruszkiewicz and Albrecht, 2015) . In the present study as shown in Fig. 2 , there was a significant decrease in the ATP level and cell viability after MPTP treatment, which is similar to the symptoms of PD, indicating that MPTP led to mitochondrial dysfunction. In contrast, miR-144-3p overexpression restored the ATP level and cell viability. It is also worth noting that APP overexpression could reverse the effects of miR-144-3p overexpression, suggesting that APP was an important effector of miR-144-3p. PGC-1α, NRF-1 and TFAM are three key genes that promote mitochondrial function, because mitochondrial biogenesis that helps maintain mitochondrial homeostasis is regulated by the PGC-1α-NRF-TFAM pathway. To be specific, NRF-1 controls the synthesis of mitochondrial proteins and TFAM drives the transcription and replication of mtDNA. Above all, both NRF-1 and TFAM are regulated by PGC-1α (Wu et al., 1999) . Sheng et al. have reported the decreased expression of PGC-1α, NRF-1 and TFAM in AD (Sheng et al., 2012) . Exploration of these three genes could help us understand the mechanisms underlying the roles of miR-144-3p and APP in PD-induced mitochondrial dysfunction. In the present study, the decreased expression of PGC-1α, NRF-1 and TFAM by MPTP demonstrated mitochondrial dysfunction. Moreover, miR-144-3p overexpression could help restore mitochondrial functions, indicated by the up-regulated expression of PGC-1α, NRF-1 and TFAM.
APP overexpression reversed the miR-144-3p overexpressioninduced high expression of these three genes, implying that APP was a negative regulator of mitochondrial function, and APP was the effector of miR-144-3p.
In conclusion, in this present study, with the help of an MPTP-induced cell model, we discovered the interactions between hsa-miR-144-3p and APP. MiR-144-3p was found to be down-regulated in this MPTP-mimicked PD model, along with its target gene APP that participates in regulating MPTPinduced mitochondrial dysfunction.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
